In Drosophila, many studies have examined the short-or long-term evolution occurring across synonymous sites. Few, however, have examined both the recent and long-term evolution to gain a complete view of this selection. Here we have analyzed Drosophila ananassae DNA polymorphism and divergence data using several different methods, and have identified evidence of positive selection favoring preferred codons in both recent and long-term evolutionary time scale. Further in D. ananassae, the strength of selection for preferred codons was stronger on the X chromosome compared to the autosomes. We show that this stronger selection is not due to higher gene expression of X-linked genes. Analysis of the selectively neutral introns indicated that the X chromosome also had a preference for GC over AT nucleotides, potentially from GC-biased gene conversions (gcBGCs) that can also affect the base composition of synonymous sites. Thus selection for preferred codons and gcBGC both seem to be partially responsible for shaping the D. ananassae synonymous site evolution.
Introduction
Despite the redundancy of the genetic code many organisms do not use an equal frequency of each codon. This phenomenon is termed codon usage bias (CUB) and has been observed in both single cellular and multicellular organisms (Hershberg and Petrov 2008) . CUB can be explained by selective forces that favor specific codons to maximize the translational accuracy (Akashi 1994; Drummond and Wilke 2008) and translational efficiency (Gouy and Gautier 1982; Ikemura 1985) of each gene. These codons that are selectively advantageous are termed ''preferred'' codons due to their preference in usage across the genome-wide coding sequences. Selection for CUB could also be driven by a coevolutionary mechanism, evidenced by a recent study showing the frequent modifications of the tRNA anticodons that could have driven the unexpected shifts in genomic codon usage along several Drosophila lineages (Zaborske et al. 2014) . On the other hand, nonselective forces such as the genome-wide bias in mutation can also cause patterns of codon usage (Chen et al. 2004) . For example in Drosophila, excluding the willistoni lineage (Singh et al. 2006; Heger and Ponting 2007) , most favored codons end with a G or C nucleotide (Vicario et al. 2007) suggesting that nonselective forces such as GC-biased gene conversion (gcBGC) could generate the same signals as CUB (Marais 2003; Galtier et al. 2006 ) by causing higher GC content. So, these most frequently observed codons could result from selective and/or nonselective forces.
Theoretical models have been developed to examine the population genetics of CUB. Using the standard mutationselection-drift models, these population genetic models assume selection favoring preferred codons while stochastic factors such as mutation and demography allow the random accumulation of preferred or unpreferred Electronic supplementary material The online version of this article (doi:10.1007/s00239-016-9753-9) contains supplementary material, which is available to authorized users.
codons across the synonymous sites (Li 1987; Bulmer 1991; McVean and Charlesworth 1999; Zeng and Charlesworth 2009) . Positive selection favoring the preferred codons over unpreferred codons causes the preferred codons to reach high frequency and ultimately fix in a population (Akashi 1997) . On the other hand since the strength of selection (N e s; N e , effective population size and s, selection coefficient) is thought to be weak (N e s & 1) for synonymous sites (Li 1987; Bulmer 1991; Akashi 1995; Chamary et al. 2006; Yang and Nielsen 2008) , mutation can result in accumulation of weakly deleterious unpreferred codons that segregate at a low frequency in the population. In addition, due to the weak selective force on synonymous sites (N e s & 1) genetic drift is predicted to be a nontrivial force shaping the CUB in populations with small effective population sizes (Ohta 1973) . Evidence shows that demographic events alone are able to skew the frequency distribution of nearly neutral synonymous variants and cause spurious inferences of CUB when they are not considered (Zeng and Charlesworth 2009) . Thus an appropriate population genetic model that parameterizes the strength of selection, mutational bias, and demography across synonymous sites would be necessary to study the evolution of CUB Charlesworth 2009, 2010; Zeng 2010) .
Temporal variation in the pattern of selection for CUB can be examined using different population genetic data. For example, polymorphism data obtained from a single species examine the short-term evolutionary history and limits the temporal window of evolution to recent events. On the other hand orthologous genes from two closely related species or comparative genomic data from more divergent taxa can be analyzed to infer the long-term evolution. Different methods have been developed to test for selection shaping either the recent or long-term evolution of CUB at synonymous sites. Specific population genetic models have been developed to analyze synonymous polymorphisms and infer evidence of recent selection for CUB (Hartl et al. 1994; McVean and Charlesworth 1999; Comeron 2006; Cutter and Charlesworth 2006; Zeng and Charlesworth 2010; Haddrill et al. 2011; Qiu et al. 2011; de Procé et al. 2012; Campos et al. 2013 ). Long-term selection on synonymous sites can be examined using methods such as counting and comparing the number of fixed preferred and unpreferred mutations (Akashi 1995 (Akashi , 1996 DuMont et al. 2004) , or using phylogenetic data and codon model-based likelihood to estimate the strength of selection for CUB (McVean and Vieira 2001; Nielsen et al. 2007) .
In order to gain a complete understanding of the CUB of an organism, it is important to examine both the recent and long-term evolution occurring across the synonymous sites. For example in D. melanogaster, analysis of polymorphism data showed evidence of selection for preferred codons (Carlini and Stephan 2003; Charlesworth 2009, 2010; Andolfatto et al. 2011; Campos et al. 2013) while analyzing between-species data indicated a relaxation of selection for preferred codons (Akashi 1995 (Akashi , 1996 McVean and Vieira 2001; DuMont et al. 2004 DuMont et al. , 2009 Nielsen et al. 2007; Singh et al. 2007 ). This suggests that the D. melanogaster lineage had reduced selection across the synonymous sites or even positive selection for unpreferred codons at some genes, and only recently has there been an increased selection for preferred codons.
CUB has been extensively studied in various species of Drosophila (Akashi 1994 (Akashi , 1995 (Akashi , 1996 Akashi and Schaeffer 1997; Powell et al. 2003; Maside et al. 2004; Haddrill et al. 2011; de Procé et al. 2012; Campos et al. 2013) . However, less is known about CUB within the lineage leading to the ananassae subgroup. D. ananassae genome-wide studies have shown evidence of CUB specifically for the significant preference for preferred codons (Vicario et al. 2007 ), but analyses were limited to simple codon usage statistics such as frequency of optimal codons (Ikemura 1981) , effective number of codons (ENCs; Wright 1990), and codon adaptation index (Sharp and Li 1987) values (Heger and Ponting 2007; Singh et al. 2008 ). Choi and Aquadro (2014) conducted a population genetic analysis of synonymous site polymorphisms in D. ananassae, but this was based on a small number of genes involved in the regulation of the germline stem cell. Further, some of those genes had evidence of adaptive protein evolution, which is known to have a negative correlation with CUB (Akashi 1994 (Akashi , 1996 Betancourt and Presgraves 2002; Kim 2004; Andolfatto 2007; Drummond and Wilke 2008; de Procé et al. 2009; Sella et al. 2009; Haddrill et al. 2011) . Thus, in order to gain a better understanding of synonymous site evolution within the ananassae subgroup, we analyzed D. ananassae polymorphism and divergence data for 33 coding DNA sequences that show no prior evidence of departure from selective neutrality. Intron sequences were also analyzed to infer the gcBGC and demographic forces that may have influenced CUB by causing apparent changes in codon preference. For D. ananassae, results showed significant evidence of selection for preferred codons in both recent and long-term evolutionary time scales. Using an explicit population genetic model we estimated the strength of selection for preferred codon usage, mutation bias, and demography using both synonymous and intron polymorphisms. We show that the analytically estimated strength of selection (N e s) for preferred codons is higher on the X chromosome versus the autosomes, however, gcBGC could partially explain this apparent pattern of higher selection for preferred codons.
Materials and Methods
Forty-three D. ananassae genes with population data were obtained from the study of sex-biased genes by Grath et al. (2009) . The population dataset consists of the ancestral Bangkok strain for D. ananassae (Vogl et al. 2003; Das et al. 2004; Schug et al. 2007 ) with D. atripex or D. phaeopleura used as the close outgroup. For each gene the population genetic data had been generated by sequencing on average 11 isofemale lines (minimum of 8 to maximum of 12 lines; Grath et al. 2009 ). To polarize the fixed differences occurring only in D. ananassae, sequences from D. bipectinata a third distant outgroup species were obtained from the genome sequence of the modENCODE project (Chen et al. 2014) .
Selection on synonymous sites is thought to be weaker than selection on nonsynonymous sites. Consequently due to the tight linkage between the two sites, the HillRobertson effect (1966) we identified loci that have potentially experienced positive selection at the amino acid level. This left us with a set of 33 loci that are close to neutrality and were subsequently used for our CUB analysis (Online Resource 1 for complete list of genes identified as neutral). We compared the F op and ENC statistics between genes with and without evidence of positive selection and found no significant difference between the two groups [Mann-Whitney U test false discovery rate (FDR) corrected p value = 1.0 for both statistics]. This suggested that these genes with positive selection might not be strongly affected by the HillRobertson effect. Nonetheless, we chose conservatively to exclude genes with evidence of positive selection to make our study comparable to other Drosophila synonymous site evolution studies, which have used the same method of excluding loci under positive selection.
In Drosophila gcBGC will lead to higher GC content and can lead to apparent increases in preference for preferred codons that end in G or C nucleotides. This makes it difficult to determine whether selective or nonselective mutational forces shaped the increased preference in specific codons. However, selection for preferred codons is expected to act only on the synonymous sites while gcBGC will increase GC content in both synonymous and intron sequences. Thus intron sequences were also analyzed for evidence of gcBGC. Further, we distinguished genes originating from the autosomes and sex chromosome for potential sex differences in the mutations rate (Bachtrog 2008) . For the intron analysis, out of the total 33 genes analyzed for CUB, 16 genes out of the total 23 autosomal genes had introns while 6 genes out of the total 10 X chromosomal genes had introns. Due to the lower number of X-linked introns an additional 10 X-linked intron sequences from the same ancestral Bangkok strain were obtained from the study by Das et al. (2004) . These 10 X-linked intron sequences lacked any outgroup sequences and only the polymorphism was analyzed for them.
Within the melanogaster group, codon usage is quite conserved among the different species (Vicario et al. 2007 ). Thus the codon usage table of D. melanogaster (Shields et al. 1988; Akashi 1995) was used for all codon usage analyses. Codons that were most frequently used were designated as preferred and the rest as unpreferred codons. Codon usage statistics, such as the frequency of optimal codon (F op ) and ENCs, were measured using the program codonW (J. Peden, http://codonw.sourceforge.net/).
Following Akashi (1995 Akashi ( , 1997 ) the frequency distribution and divergence (FDD) test (Akashi 1999 ) was conducted to determine if the frequency distributions of the preferred and unpreferred mutations were significantly different. The unfolded frequency distribution of D. ananassae-specific preferred and unpreferred polymorphism and fixed mutations were polarized using D. atripex and D. bipectinata as outgroup sequences. We focused on those changes specifically along the D. ananassae lineage from an ancestral unpreferred to derived preferred mutations (U [ P) or from an ancestral preferred to derived unpreferred (P [ U) mutations. Using the same method, gcBGC was inferred using the intron sequences that had an outgroup sequence. The frequency distributions of the ancestral GC to derived AT (GC [ AT) changes or the ancestral AT to derived GC (AT [ GC) changes were analyzed.
Per-site fixation of preferred and unpreferred variants were estimated using the method of DuMont et al. (2004) . This method is analogous to the estimation of d N and d S (Nei and Gojobori 1986) : using reconstructed parsimonious ancestral sequence we estimated the effective number of preferred and unpreferred sites and the number of D. ananassae lineage-specific fixed preferred and unpreferred mutations. The numbers of lineage-specific preferred and unpreferred fixations per preferred and unpreferred sites were then compared using a 2X2 Fisher's exact test.
The autosomal and X chromosomal synonymous polymorphisms were analyzed together using the maximumlikelihood method of Zeng and Charlesworth (2009) as modified by Haddrill et al. (2011) , to jointly estimate these parameters: (1) strength of selection N e s, where s corresponds to selection coefficient of favoring the preferred codons over unpreferred codons, (2) mutation bias j as the ratio of preferred to unpreferred codon mutation rate over unpreferred to preferred codon mutation rate, and (3) instantaneous demographic change N a /N b , where N b and N a corresponds to population size before and after the instantaneous change, respectively. To estimate selection for preferred codons and gcBGC jointly, synonymous and intron polymorphisms were analyzed together using the method of Zeng and Charlesworth (2009) as extended by Zeng and Charlesworth (2010) . Synonymous sites were used to model the preference for preferred versus unpreferred variants while introns were used to model the preference for GC versus AT variants. Specifically, intron sites were used to estimate: (1) N e s, where s corresponds to the selection coefficient favoring the GC over AT nucleotide, (2) j, ratio of GC to AT nucleotide mutation rate over AT to GC nucleotide mutation rate, and (3) the demography parameter N a /N b . The extended Zeng and Charlesworth (2010) method was used to analyze the autosomal and X chromosomal data separately. We note at the time of our analysis there was no method to analyze the autosomal and X chromosomal synonymous and intron data all together. The Zeng and Charlesworth (2009) method does not require any outgroup sequences and fits the observed frequency distribution of synonymous or intron data to a population genetic model (reviewed in Zeng 2012). Approximating a v 2 distribution, significance of each model was determined by calculating the twice the difference in log-likelihood of the complex versus the simple model. Fit of each model was also assessed by calculating the Akaike information criterion (AIC) statistic.
All statistical tests resulting in a p value were corrected for multiple hypotheses testing using the FDR controlling method of Benjamini and Hochberg (1995) as implemented in the program R (https://www.r-project.org).
Results
Due to the nature of our dataset we initially examined if there were any gross differences in the codon usage statistics for the 21 female-biased genes, 40 male-biased genes, and 59 nonsex-biased genes identified in Grath et al. (2009) (Online Resource 2) . In D. melanogaster, based on codon usage statistics, male-biased genes were previously shown to have lower CUB compared to both female and nonsex-biased genes (Hambuch and Parsch 2005) . However for our D. ananassae dataset, the nonparametric Kruskal-Wallis test showed no significant difference in F op (H = 0.66, df = 2, FDR corrected p value = 0.927) and ENC (H = 0.23, df = 2, FDR corrected p value = 1.0) values among the three sex-biased gene categories. We then examined a reduced set of 43 genes that had both polymorphism and divergence data that we analyzed in this study. The nonparametric Kruskal-Wallis test showed no significant difference in F op (H = 1.38, df = 2, FDR corrected p value = 0.501) and ENC (H = 1.29, df = 2, FDR corrected p value = 0.524) values. That Hambuch and Parsch (2005) detected a significant difference in CUB could be due to the much larger number of genes they analyzed.
For the following population genetic analysis, of the 43 genes with polymorphism and divergence data, we analyzed 33 genes that were close to neutrality. We note that for gene CG18266 an appropriate ortholog could not be found in the distant outgroup D. bipectinata genome, thus this gene was excluded from the analyses that required polarizing fixed differences.
Population genetic models for CUB predict different shapes of the frequency distribution for preferred and unpreferred mutations across synonymous sites (Akashi 1999; McVean and Charlesworth 2000) . Strong CUB selection for preferred codons will shift the preferred mutation frequency distribution towards high frequency-derived variants, whereas the frequency of unpreferred mutations will be shifted towards rare variants. We have plotted the FDD of U [ P and P [ U changes in our D. ananassae population genetic data in Fig. 1 . Consistent with expectations of selection for preferred codons, there were more P [ U mutations (169 polymorphisms and 149 fixed variants for a total of 318 variants) compared to U [ P mutations (27 polymorphisms and 92 fixed variants for a total of 119 variants). Compared to the U [ P mutations, more P [ U mutations were segregating as singletons (8.4 % of the total U [ P mutations segregating as singletons vs. 19.8 % of the total P [ U mutations segregating as singletons) while there were fewer P [ U mutations fixed (77.3 % of the total U [ P mutations are fixed vs. 46.8 % of the total P [ U mutations are fixed; Fig. 1) . Further, the U [ P mutations were segregating at a significantly higher frequency than the P [ U mutations (Wilcoxon's W = 13,224.5, FDR corrected p value = 8.05 9 10 -7 ). With the majority of Drosophila preferred codons ending with a G or C nucleotides, inferred selection for preferred codons could in fact represent artifacts from gcBGC skewing the base composition towards higher GC content. Unlike CUB, which only affects synonymous sites, gcBGC would affect both coding and intron regions. Thus intron sequences can be analyzed to distinguish the contributions of gcBGC. We compared the FDD of GC [ AT and AT [ GC changes at 22 introns that had outgroup sequences. There was no significant difference (Wilcoxon's W = 2693.5, FDR corrected p value = 0.184) between the frequency distribution of the 84 GC [ AT and 85 AT [ GC changes (Online Resource 3A). FDD of GC [ AT and AT [ GC changes at synonymous sites were also examined and they were not different from the FDD of U [ P and P [ U changes, since preferred codons J Mol Evol (2016) 83:50-60 53 end with G or C nucleotides in D. ananassae (Online Resource 3B). Analysis of the D. ananassae FDD of preferred and unpreferred mutations indicated that the preferred codons were segregating at a significantly higher frequency than unpreferred codons. Although selection for preferred codon usage predicts this pattern across synonymous sites (Akashi 1997) , a considerable proportion of the P [ U variants (46.8 %) were fixed (Fig. 1) suggesting the possibility of selection favoring the fixation of unpreferred codons in some of the analyzed genes. To examine the possibility of some genes having selection favoring the fixation of unpreferred codons we used the method of DuMont et al. (2004) to estimate the number of preferred and unpreferred fixations per preferred and unpreferred sites for each gene. The number of fixed preferred variants per preferred sites and fixed unpreferred variants per unpreferred sites were then compared to detect the long-term evolution occurring on synonymous sites. Results showed that most genes had the ratio of fixed preferred variants per preferred sites over fixed unpreferred variants per unpreferred sites (R P/U ) greater than one. Fourteen genes had R P/U significantly greater than one (p \ 0.05) before multiple hypothesis correction, and 12 genes remained significant (p \ 0.05) after FDR correction (Table 1) .
The presented analyses thus far have examined sequence divergence to determine selection occurring across long evolutionary time scale. To infer recent selection occurring across synonymous sites we used the method of Zeng and Charlesworth (2009) which does not require an outgroup to polarize ancestral or derived variants to estimate the strength of selection for CUB. The dataset was divided into autosomes and X chromosome using both coding and intron sequences to estimate the parameters: strength of selection for preferred codons across coding sequences, strength of selection favoring the GC versus AT nucleotides across intron sequences (Zeng and Charlesworth 2010) , mutation bias, and population size variation (i.e., demography). A summary of the data used in this analysis is given in Online Resource 4 and results using the model are shown in Table 2 listed from the model with lowest to highest AIC value.
No significant demographic changes were detected in the autosomal data consisting of both synonymous and intron polymorphisms (Table 2a row 2 vs. 3, FDR corrected p value = 1.0). While for the X chromosome data the model forcing a change in population size had the lowest AIC scores, this was still not a significantly better fit than the less parameterized model assuming no change in demography (Table 2b row 2 vs. 1, FDR corrected p value = 0.167). When the autosomes and X chromosome were analyzed separately, there was significant evidence of selection for preferred codons (autosome : Table 2a row 2 vs. 4, FDR corrected p value = 1.5e-8, X chromosome: Table 2b row 2 vs. 4, FDR corrected p value = 2.0e-4).
In the autosomal intron dataset the original model was not a significantly better fit than the less parameterized model forcing no preference for GC variants (c int = 0; Table 2a row 1 vs. 2, FDR corrected p value = 0.317). On the other hand in the X chromosomal introns, the original model was a significantly better fit than the less parameterized model forcing c int = 0 (Table 2b row 3 vs. 2, FDR corrected p value = 0.016). This result contrasts with our FDD analysis of intron sites that had not found any evidence of gcBGC. We note, however, that the FDD test was based on 6 intron sequences while the maximum-likelihood model was based on 16 intron sequences. Thus, a lack of sequences and loss of power in the former analysis is a likely reason for this difference. 
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Frequency of Derived Variants (Number out of 10)
P > U variants U > P variants Fig. 1 The proportion of segregating polymorphic and fixed preferred and unpreferred variants. Within and betweenspecies DNA variation are shown for 10 alleles where 1 equals to singletons and 10 equals to variants fixed specifically for D. ananassae
As our previous intron analysis suggested potential effects of biased mutation rate or gcBGC on the X chromosome, we examined if this would have led to different evolutionary patterns between the autosomes and X chromosome synonymous sites. Synonymous polymorphism data were analyzed using a modified version of the Zeng and Charlesworth (2009) method to handle the X chromosome and autosome data together (Haddrill et al. 2011 ).
This method estimated the same parameters from Table 2 for coding sequences and results are shown in Table 3 listed from the model with lowest to highest AIC values.
Concordant with the intron data, jointly analyzing the autosomal and X chromosome data with a model assuming an instantaneous change in the population size was not a significantly better fit than the less parameterized model assuming no demographic variation (Table 3 row FDR corrected p value = 1.0). We thus carried out the rest of our analysis without demography as an additional parameter.
Estimates of selection for preferred codons were significantly different from zero for both autosomal (Table 3 row 2 vs. 6, FDR corrected p value = 1.45e-10) and X chromosomal (Table 3 row 2 vs. 7, FDR corrected p value = 2.72e-15) polymorphisms. We next examined if there were any differences in the strength of selection for preferred codons between the autosomes and X chromosome. A model assuming equal coefficients of selection (s) for preferred codons between the autosomes and X chromosome (s A = s X ) was not significantly better fit than the original model that parameterized s A and s X separately (Table 3 row 2 vs. 5, FDR corrected p value = 6.5e-10).
Further, a model forcing equal intensity of selection (c = N e s) between the autosome and X chromosome (c A = c X ) was significantly worse fit than the original model that parameterized c A and c X separately (Table 3 row 2 vs. 4, FDR corrected p value = 0.034).
We then estimated if there were differences in the effective population sizes (N e ) for the X chromosome and autosomes, as difference in N e can affect the selection intensity (N e s). With no sexual selection males and females have equal reproductive successes and the ratio of X chromosome-autosome effective population size (k) is expected to be 3/4 (Wright 1931 ). Our original model incorporated k as a free parameter and estimated it as 0.9, however, this was not significantly better fit than a model forcing k = 0.75 and has one less parameter to be N 1 and N 2 are the effective population sizes before and after a demographic event. L 0 is a model without a demographic event and L 1 is a model with demographic event. c cod = 2N 1 s cod and c int = 2N 1 s int , where s cod and s int are the selection coefficients against heterozygous carriers of the unpreferred variants for coding region and AT variants for intron regions, respectively. j cod and j int are the mutation bias towards unpreferred variants and AT variants, respectively. From the L 1 model, g = N 1 /N 2 and s is the time since the demographic event in units of 2N 2 generations. lnL is the log-likelihood estimate of the model. DAIC is the difference in the Akaike information criterion of the model in question with the model with the smallest AIC value Table 3 Estimates of selection, mutation, and demography for synonymous sites on the autosomes and X chromosome N 1 and N 2 are the effective population sizes of autosomes before and after a demographic event, respectively. L 0 is a model without a demographic event and L 1 is a model with demographic event. c A = 2N 1 s A and c X = 2N 1 s X , where s A and s X are the selection coefficients against heterozygous carriers of the unpreferred variants, j is mutation bias towards unpreferred variants, k is ratio of effective population size of X chromosome-autosome. From the L 1 model, g = N 1 /N 2 and s is time since the demographic event in units of 2N 2 generations. lnL is log-likelihood estimate of the model. DAIC is difference in the Akaike information criterion of the model in question with the model with the smallest AIC value estimated (Table 3 row 1 vs. 2, FDR corrected p value = 0.275).
Discussion
We find that selection on codon usage in D. ananassae favors the use of preferred codons, corroborating previous studies (Heger and Ponting 2007; Singh et al. 2008; Choi and Aquadro 2014) . Further, in this study we have used specific population genetic models and tests to examine synonymous site evolution across both short-and longterm evolutionary time scales, and found significant evidence of selection for preferred codons on both temporal scales. We analyzed selection across synonymous sites while factoring in demography as an additional possible parameter that could influence the selection on synonymous polymorphisms (Zeng and Charlesworth 2009) . Analyzing both the autosome and X chromosome coding and intron sequences, there was no significant evidence for a change in population size in the ancestral Bangkok population of D. ananassae. Compared to previous studies, however, the same X chromosome intron dataset used in this study (Das et al. 2004 ) had site frequency-based tests (Das et al. 2004) and coalescent-based methods (Heled and Drummond 2008 ) suggesting a population expansion in the Bangkok population of D. ananassae. The fact that the method we used in this study jointly estimated the parameters of selection, mutation, and demography may have allowed selection and mutation to be distinguished from demography, and account for our lack of evidence for a population expansion.
Using the polymorphism data we then estimated the strength of selection (c = N e s) for preferred codons on the X chromosome (c X ) and found it to be significantly higher than on the autosomes (c A ) (Table 3 : c A = 1.38 vs. c X = 2.24). Further, the underlying selective coefficients of c X and c A were significantly different from one another (s A = s X ) suggesting that selection for CUB is significantly higher on the X chromosome compared to the autosomes. Compared to other Drosophila studies that have used the same method, our estimates of c A and c X in D. ananassae (c A = 1.38, c X = 2.24) were lower than D. miranda (c A = 1.56, c X = 2.64) and D. pseudoobscura (c A = 1.77, c X = 2.92) (Haddrill et al. 2011) ; comparable only to the autosomes in D. melanogaster (c A = 1.36, c X = 1.53) (Campos et al. 2013) ; and higher than the c X in D. americana (c X = 1.55) (de Procé et al. 2012) . If the selection coefficient (s) for preferred codons is the same across all Drosophila species, this observed difference in c A and c X could be due to differences in the effective population sizes (N e ) among species. On the other hand, nonselective forces such as BGCs may confound these estimates. Notably in Drosophila, rates of substitution are heterogeneous and base composition has not reached equilibrium among different lineages ). Thus our interpretation of the observed patterns of c among the different Drosophila species is preliminary and would benefit from additional data and study.
We found that the X chromosomal introns from Das et al. (2004) had evidence of increased preference for GC variants over AT variants (Table 2) likely from gcBGC. Population genetic theory predicts nucleotides under gcBGC to appear falsely as alleles under positive selection (Duret and Galtier 2009; Nagylaki 1983) , thus biasing the background allele frequency spectrum. In fact, when we had forced our model to include demographic changes, the X chromosome data indicated a very recent increase in population size (Table 2b ). However, this was not a significantly better fit than our less parameterized model that assumed no demographic change.
Our polymorphism analysis also revealed that the ratio of X chromosome to autosome effective population size (k) was not significantly different from the expected ratio of 3/4 (Table 3) (Wright 1931) . Our estimate of k was consistent with results of Grath et al. (2009) . Additionally, because theory predicts k to exceed the expected value of 3/4 with population expansions (Pool and Nielsen 2007) , our estimate of k = 0.75 in D. ananassae is consistent with the view that the Bangkok population of D. ananassae did not have a recent change in population size.
Our estimates of the intensity of selection, c (=N e s), for preferred codons were higher for the X chromosome versus the autosomes (Table 3) , which is in line with previous studies (Singh et al. 2005a (Singh et al. , 2008 Haddrill et al. 2011; Campos et al. 2013) . Further, theory predicts that the ratio of the selective coefficients on the X chromosome to the autosome (s X /s A ) would equal 4/3 (&1.33), when males and females have an equal chance of mating and selection for CUB is semidominant (Vicoso and Charlesworth 2009) . As c X and c A both share the term N e their ratios would reduce to s X /s A and since we had evidence that k = 3/4 in D. ananassae, males and females appear to have an equal mating chance resulting in s X /s A to equal 4/3 (&1.33). However, with our estimated c A = 1.38 and c X = 2.24 in D. ananassae, the observed ratio s X /s A was 1.62 which is greater than the predicted ratio of 1.33. Our result is consistent with Haddrill et al. (2011) who found s X /s A = 1.65 in D. pseudoobscura and s X /s A = 1.69 in D. miranda. Thus in D. ananassae the ratio of selection coefficient (s) for preferred codons on the X chromosome compared to the autosome (s X /s A ) is also higher than theoretical predictions of s X /s A .
Why the X chromosome would have a higher selection coefficient than the autosomes is unknown. As codon bias is strongest among genes with higher gene expression (Duret and Mouchiroud 1999) X chromosomal genes could be expressed at higher expression than autosomal genes. We investigated this possibility by reanalyzing the microarray data of Grath et al. (2009) focusing on genes with sex unbiased gene expression. Examination of all six biological and two technical replicates for the 63 unbiased genes showed no significant gene expression differences (Mann-Whitney U test FDR corrected p value [ 0.05) between the X and autosomal genes. Thus the higher selection on the X chromosome was not likely to be due to overall differences in gene expression.
On the other hand, Haddrill et al. (2011) have proposed differences in the effective rate of recombination between the X chromosome and autosomes as a potential cause for the observed difference. Because of an absence of male recombination in most species of Drosophila (Orr-Weaver 1995), autosomes are expected to have a reduced rate of recombination compared to X chromosomes (Langley et al. 1988) , ultimately leading to a difference in the ''effective'' recombination rate. gcBGC is thought to occur during recombination when repair of double strand breaks favors G or C basepairs over A or T basepairs (Marais 2003) . As most preferred codons end with G or C nucleotides in Drosophila, the higher recombination rate on the X chromosome compared to the autosome could lead to higher levels of gcBGC on the X chromosome. This would then subsequently lead to apparent increased selection for preferred codons on the X chromosome.
Studies in D. ananassae, however, have shown evidence of recombination occurring regularly in males (Tobari 1993) . Here, the male recombination is expected to increase the effective recombination rate on the autosomes in D. ananassae and will result in higher levels of gcBGC across the autosomes of this species. Our analysis of D. ananassae autosomal and X chromosomal intron data revealed that only the X-linked introns had significant evidence of preference for GC variants over AT variants consistent with gcBGC (Table 2 ). This suggested that the X chromosome has elevated gcBGC events and the joint effects from gcBGC and selection for preferred codons have both led to patterns of variation that might inflate estimates of selection for preferred codons on the X. As male recombination would elevate effective recombination rates on the autosomes for D. ananassae, an elevation of gcBGC should also occur in the autosomes as well. Thus the potentially higher gcBGC effects on the X chromosome alone cannot fully explain the higher selection for CUB in the X chromosome versus autosome. We note, however, that recent evidence from D. melanogaster has shown that gene conversions can occur at sites that were not associated with crossing overs during recombination (Comeron et al. 2012 ). Thus, rates of recombination maybe a poor predictor of gcBGC and it is possible that in D. ananassae the X chromosome has higher levels of gcBGC despite the lower effective recombination rate than the autosomes.
Finally, our evidence of gcBGC in D. ananassae is interesting as support for gcBGC from previous Drosophila studies has been inconclusive. Although several studies have supported significant gcBGC effects in Drosophila (Marais et al. 2001; Singh et al. 2005b; Haddrill and Charlesworth 2008) , recent studies based on whole genome-level recombination rates and polymorphisms from D. melanogaster have suggested otherwise (Comeron et al. 2012; Robinson et al. 2014) . Robinson et al. (2014) has suggested that the different amount of gcBGC between the X chromosome and autosomes could be due to a shift in the mutational processes. Here, analysis of short introns from the X chromosome and autosomes of D. ananassae, which were previously shown to be close to neutrality in Drosophila (Haddrill et al. 2005; Halligan and Keightley 2006; Singh et al. 2009; Robinson et al. 2014) , would indicate any potential difference in the mutational process.
In conclusion we find evidence of both recent and longterm selection for preferred codons in D. ananassae, and that the strength of this selection is higher on the X chromosome versus the autosomes. Differences in recombination rate-associated gcBGC do not appear to be sufficient to explain this difference in selection between the autosomes and X chromosomes in D. ananassae. Future studies examining the D. ananassae genome-wide recombination rate and generation of whole genome polymorphism data would help elucidate the cause of this difference in strength of selection between the autosomes and X chromosome.
